The application of free-electron lasers (FELs) to biology and medicine has recently become an area of intensive activity. Because of this interest, there is a need for a discussion of FELs in the context of applications. In this paper, the operating characteristics of FELs which are relevant to biomedical application are reviewed. Assuming present-day FEL technology, the trade-offs in FEL operating parameters for different types of biomedical applications are discussed. The long term technical advances in FEL physics and technology which may have an important impact on the applications are described.
INTRODUCTION
Lasers have been used with success in medicine for almost two and a half decades, and biomedicine has clearly benefited greatly from the ongoing evolution of laser physics and technology. It is therefore compelling to attempt to identify new medical applications for new laser technologies as they are developed. The free-electron laser (FEL) [1] is a prime example of an exciting new laser technology which has been developed and refined over the past decade. Consequently, the application of free-electron lasers to biomedicine is worthy of consideration.
The identification of the most appropriate and useful applications of any new laser technology to medicine will be facilitated by interdisciplinary discourse. The medical researcher must develop a good idea of the capabilities and the limitations of the new laser technology in order to better identify potential applications in his discipline. Similarly, in order to maximize the possible utility of a new technology to another disipline, the laser scientist must develop an understanding of those particular laser characteristics which are desired for the different applications.
The purpose of this paper is to better acquaint the medical researcher with the properties and capabilities of the free-electron laser vis-a-vis biomedical applications. It does not successive passes in the resonator. The three main components of the FEL are thus the accelerator, the wiggler, and the optical resonator or cavity. Different types of accelerators, wigglers, and resonators can be combined to produce FEL output power with different characteristics. Consequently, there are a wide variety of FEL configurations corresponding to different combinations of these three main components; only some combinations are appropriate for biomedical applications. There is a large body of literature on the FEL, including both primary 
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For laser output at A, = 3 pm, for example, with , = 3 cm and a, = 1, an electron beam with -y = 100 or E = 50. 6 MeV is required.
may require other configurations (such as ASE) due to the absence of adequate mirrors in this region. In addition, there are actually many different gain regimes in which the FEL can operate. The gain of the laser is a measure of the amount by which a signal is increased on passing through the laser. Different gain regimes correspond to different FEL operating parameters, including the beam current density (amperes per cm 2 In the Compton regime, the optimization of the single-pass FEL gain depends on many parameters. Accelerator parameters such as the peak current in the electron beam, I, and the transverse temperature of the electron beam, which is characterized by a normalized emittance, e,, are both important for optimization of the gain. Similarily, other design parameters such as A., a,, and the desired operating wavelength, N,, influence optimization of the gain. For very small emittance, the gain is optimized by increasing the beam current. At short wavelengths, the gain is more often limited by the emittance, and the
(1+ atwa where N is the number of wiggler periods (N = L/A\), and B" is the electron beam ])rightness. The beam brightness is a property of the accelerator used for producing the electron beam, and it is related to current, I, and emittance, e, by B, oc I/e2.
Several observations can be made upon examination of this gain expression. The FEL gain is seen to decrease as the operating (optical) wavelength decreases. Both larger wiggler wavelengths Aw and number of wiggler periods N will increase the gain. The optimum value of aw, the wiggler field strength, is approximately unity; for aw < 1, the gain scales as a 2. Finally, low gain can be overcome by the use of a high brightness (i.e.
high-quality) electron beam. In the FEL oscillator, as with any laser oscillator, when the small-signal gain is greater than the resonator losses, the optical field will grow in time until the interaction is saturated and the gain equals the losses.
The efficiency of an FEL oscillator, namely, the fraction of the electron beam power that can be converted into radiation, can be shown [11] to be given by 7 = Ppt/P,.a = 1/2N
for the case of a perfect, untapered wiggler. Real wigglers are never perfect, and the imperfections tend to reduce both the gain and the efficiency. Increasing the number of wiggler periods will increase the gain but decrease the efficiency. The FEL wiggler periodicity and/or field strength can be tapered along the beam propagation direction in order to maintain resonance between the optical wave and the electron beam as the electron beam loses energy. The basic principle can be understood by reference to Eq. (1).
As the electron bean gives up energy to the optical wave, -y decreases, and the optical wave of wavelength A, will no longer satisfy The generation of light in the infrared, visible and ultra-violet regions of the spectrum from free-electron lasers demands long high-field wigglers and very high brightness electron beams. The ability of accelerators to produce the high-quality electron beams required for FEL operation at short wavelengths is one of the factors governing the extension of FEL operation into the visible, ultra-violet, and even x-ray regions of the spectrum. Although the FEL interaction itself should be operative in these regions, some improvement of accelerator technology is required to realize these shorter wavelengths. Storage rings [12] and linear accelerators with photocathode injectors [13] appear promising for the extension of FEL operation into the uv. The availability of mirrors at short wavelengths is a significant technological problem. The further development of wiggler technology is also of importance for the successful extension of FEL operation to shorter wavelength operation.
The successful operation of an FEL at any frequency depends on the operation of three different components: the accelerator, the wiggler, and the optical resonator. Moreover, the operating characteristics of the FEL such as its output frequency, power, temporal pulse structure, frequency bandwidth, and frequency tunability, all depend on the choices made for these three components. It is thus useful to discuss the present technological capabilities and their impact on FEL operation for each of these three components. This is the spectral region for which there is the largest interest by biomedical researchers.
B. Accelerator Technology
In systems employing conventional wigglers, the wiggler' wavelength is typically 2-5 cm, and only rf linacs are capable of accelerating electrons to sufficient energy that radiation in the near-ir region of the spectrum can be produced.
For FEL operation in the far-infrared (> 10 pm) spectral region, the electrostatic accelerator is a useful accelerator technology because lower energy electron beanis are required. An important difference between electrostatic and rf linear accelerators, apart from their different energy capabilities, is in the electron beam temporal structure produced.
The electron beam temporal structure determines the temporal structure of the optical pulse produced by the FEL. The rf linac produces an electron pulse (macropulse) which consists of a large number of short (1-100 picosecond) micropulses. The electrostatic accelerator produces an electron pulse which is constant over the duration of the pulse.
The different shape optical pulses produced by FELs employing these different accelerators are discussed more fully in a later section.
The major issue in accelerator technology is the improvement in beam brightness B,. Several FEL groups are presently working on novel short-period wiggler concepts.
Short-period magnetostatic wigglers are being investigated at the University of Maryland [17] , and at the University of California at Santa Barbara [18] . Their success would allow the generation of near-IR radiation with lower voltage electron beams. Lower voltage electron beanms would be desirable in the medical environment because of the reduction in radiation hazard, shielding required, and overall system size.
Another wiggler concept presently being studied by several groups is that of the electromagnetic wiggler, in which monochromatic electromagnetic radiation from a separate source acts as the wiggler field for the FEL. In one concept, known as the two-stage FEL [16] , an FEL interaction produces a high-power short-period electromagnetic wave. This wave then serves as the wiggler for the same electron beam and an even shorter period optical radiation is generated in the second stage. Such a concept is attractive because of the reduced requirement on the electron beam energy. However, ultra-high-quality electron beams are required, and this concept has yet to be demonstrated in a regime of interest for biomedical applications. In an alternate concept developed at MIT, a millimeter band electromagnetic wave generated in a high-power cyclotron resonance device such as the gyrotron is used as the wiggler [19, 20] . If successful, such a device would reduce significantly the electron beam energy required to reach the near-and mid-IR. For example, as Eq. (1) indicates, a ten-fold reduction in the wiggler period allows a reduction in the beam voltage be approximately a factor of three.
The success of any of these novel short-period wiggler concepts could result in substantially more compact FEL systems in the long run. In the near term, FELs relying on the proven performance of conventional wiggler technologies may be more appropriate for medical research or as a medical facility.
D. Optical Cavities and Optical Pulse Characteristics
The optical cavities employed in free electron lasers are similar to those employed with conventional lasers. For FELs based on rf linacs, the optical pulse format produced by the FEL has the same temporal charactreristics as the electron beam pulse format ( Fig. 3) (provided one is not cavity dumping the resonator). The output of the FEL consists of a pulse train of micropulses of width r,, and separation -r,. This micropulse train constitutes a larger pulse, the macropulse, which has duration rM. The macropulses are then also repeated at a frequency fREP which is generally in the neighborhood of 10 to 100 Hz. Typical micropulse durations, r,, are 3 -30 ps, and typical micropulse separations, r,, are 0.3 ns to 100 ns. Too short a micropulse length, less than about 3 ps, is undesirable because of Operation of the optical cavity in a cavity dumping configuration may be possible for
FELs. This would allow the generation of higher peak power optical pulses than in a non-cavity-dumped resonator. With cavity dumping, an active optical element is switched between a highly reflecting state and a transmissive state. The element is initially highly reflecting and the optical power in the cavity reaches saturation. At this point the optical element is electronically switched to have relatively high transmission and a single highpeak-power pulse is emitted from the cavity. For some applications, this may be a desirable mode of operation, provided optical materials can be found which will survive the intense optical pulses.
The optical power produced by the FEL can be specified in different ways. The micropulse peak power, P,, is the peak power within a single micropulse. The macropulse average power is related to the energy contained in the macropulse, ENI, by P11 = EIr1 .
PM and P, are related by Pm = (r/r,) P, if the energy per micropulse is constant. The true average power of the FEL is given by P = PM rmi fREP, where fREP is the macropulse repetition rate. For rf linac FELs, P < PAl < P,; for FELs based on electrostatic accelerators, there is no micropulse structure -and only P, PM, rM, and fREP are relevant (that is, r, -+ 0, r. --+ TM). FEL output power is often quoted in terms of the macropulse average power. The peak P is then inferred from the known macropulse temporal shape.
The optical cavity length, L, is constrained by the condition that the electron micropulse separation be equal to 2L/mc, where m is an integer and c is the speed of light.
When m = 1, the cavity length is such that the optical pulse makes one round trip in the time between micropulses, and there is one optical pulse in the cavity at any time. For m > 1, the cavity length is such that an optical pulse in the cavity makes a complete round trip every m micropulses, and there are m separate optical micropulses in the resonator at any time. In order to provide overlap between the successive optical micropulses and new incoming electron micropulses, the cavity length must be carefully maintained. Failure to maintain the regularity of the micropulse arrival or the cavity length can lead to the poor overlap of electron and optical micropulses, resulting in fluctuations in the optical micropulse power.
The use of several optical techniques which are well developed for conventional lasers will be of significance if they can be applied to FELs. The technique of cavity dumping, discussed above, may allow the generation of the very-high-peak-power single pulses useful for some applications. Similarly, the techniques of harmonic generation by external nonlinear crystals are well suited for use with the FEL pulse structure. High conversion efficiencies can be obtained and tunable radiation produced by the FEL can be converted to tunable radiation in other spectral regions [21] . FELs also emit incoherent light with moderate power at odd harmonics of the fundamental frequency in normal operation; this radiation may be useful for some applications. Direct lasing of the FEL oscillator on harmonics has been proposed, but results are inconclusive at present.
III. SURVEY OF FREE-ELECTRON LASERS
There is a wide variety of free-electron lasers already in operation around the world. In this section, a brief review of FEL facilities which produce output radiation in the visible to the far-infrared spectral region is presented. Most of these facilities are operated primarily for the purpose of research on free-electron laser physics. However, recently several FEL user facilities have either begun operation or have'been planned or proposed. This review will focus only on FELs which are compatible with biomedical applications. It includes those presently dedicated exclusively to FEL physics as well as those which are at least partially operated as a user facility. The properties of some of the free-electron lasers which are of interest for biomedical applications have been tabulated in Table I . FEL facilities which intend to support outside users are noted.
In general, free-electron laser systems tend to be considerably larger than most conventional laser systems, requiring anywhere from 50 m 2 to considerably larger areas for their installation. Furthermore, because of the radiation hazard from the high-energy electron beams which are required for FEL operation in the near-IR and visible spectral regions, the FEL system components must be located in a radiation shielded vault-with concrete or earthen walls several feet thick. This vault can significantly increase the total system size and cost. The cost of complete FEL systems is generally on the order of several million dollars or more, depending on the details of the system design. FEL reliability is also an issue for users; although FELs are becoming more reliable as the physics community becomes more skilled at their design and operation, they remain considerably less reliable than most conventional lasers.
There are several free-electron lasers presently operating which employ rf linear accelerators as the electron beam source. The MARK III IR FEL at Stanford University is a relatively compact FEL operating in the near-IR [22] . Its operating parameters are listed in Table I . A notable feature of this FEL is the novel microwave electron gun. The electron beam micropulse separation in this accelerator is -350 ps; every rf bucket is filled. As a result, the macropulse average power can be very high compared with that from FEL accelerators which use subharmonic bunching. Future plans include installation of a cavity dumping resonator and the use of optical harmonic generation with nonlinear crystals in order to reach the visible and perhaps the UV [21] .
The FEL at the Los Alamos National Laboratory (LANL) has operated in the 9-35 pm spectral region and produced average and peak output powers of PM' = 6 kW and P, = subharmonic of the fundamental 1300 MHz frequency of the accelerator; consequently, the electron micropulses are separated by 46.2 ns. Other typical parameters are listed in Table 1. A separate group at Stanford University is operating a free-electron laser based on The FEL at the University of California at Santa Barbara is based on an electrostatic accelerator. This FEL is designed to have output in the far-infrared region of the spectrum (typically 100 -500 pm) with peak output powers in the tens of kilowatts for pulse lengths of 1 -50 ps [24, 25] . A notable feature of this FEL is the use of beam recirculation with the electrostatic accelerator; this allows output pulse lengths of the order of tens of microseconds. Furthermore, the output pulses have no micro-structure as do those from an rf-linac. This FEL is now operating as a user facility. 
IV. BIOMEDICAL/MATERIAL SCIENCE FEL SPECIFICATIONS

A. Introduction
The application of lasers to medicine is a well-studied discipline, and there exists a large volume of literature in the field [30] [31] [32] [33] [34] . However, the application of free-electron lasers to medicine has only recently been considered A fourth application of interest is in the area of high-peak-power photochemistry. A tunable high-peak-power (P.) FEL optical pulse could be used to initiate sequential two-photon absorption in dye molecules for the enhanced production of singlet oxygen [40] .
High peak powers are difficult to obtain from other laser sources in the spectral region of interest for these dyes, approximately 0.6 -0.9 pm.
B. Development of FEL Specifications
As one element of the biomedical FEL program at the Massachusetts General Hospital (MGH), a set of specifications for an FEL relevant to biomedical applications was compiled by the authors and researchers at MGH. Some of these specifications are presented in this section. General guidelines regarding the use of FELs for material science applications were also considered, and these considerations are included here. These specifications do not represent a final set of desirable parameters; rather they should be considered a guide to the issues which must be addressed by the researcher in determining the FEL system appropriate to his specific application. As FELs evolve, the range of possible operating parameters will likely change. This discussion assumes only presently demonstrated capabilities, and any significant development in FEL technology may alter these guidelines.
In designing an FEL system appropriate for medical applications, the FEL parameters which have the most significant impact on the biomedical researcher are the parameters describing the temporal format of the optical pulse and the macropulse and micropulse energy required. In many cases, an FEL system which is applicable to medical research is also applicable to material science research. Therefore, to some extent, such applications are also considered in defining the system applications. The four temporal parameters that define the optical pulse format are the micropulse length, r., the separation between successive micropulses, -r,, the macropulse length, rM, and the macropulse repetition rate, fREP. The micropulse durations (-,) are typically in the range of 3-20 ps. Shorter micropulses are desirable for probing the dynamics of systems having rapid relaxation times (e.g. liquids), and for vibrational photochemistry, while longer micropulses result in lower peak powers for a given energy and may be desirable for biomedical applications requiring fiber transmission of the optical power. As the micropulse length is not easily varied for a given accelerator, choice of this parameter will require tradeoffs.
The separation of successive micropulses should be variable in a discrete sense; the availability of several modes of operation with different micropulse spacing is perhaps the most crucial requirement to insure overall system versatility. The material science applications typically require r, > 50 ns; important biomedical applications fall into two groups requiring both long (> 50 ns ) and short pulse separations. The lower limit on -r, is the reciprocal of the rf accelerator frequency, f, , typically 0.3 -1 ns. The maximum separation is determined by the maximum desirable cavity length or the availability of nonlinear optical components necessary for cavity dumping of the FEL laser resonator.
Three modes of operation are probably desirable: one with r, = 1/f, , a second with r, ~ 50 ns, and a third allowing single pulse selection. Single pulse selection may be possible with cavity dumping techniques, or with optical modulators external to the laser cavity. Although these are standard techniques with conventional lasers, nonlinear optical materials suitable for the broad wavelength range produced by the FEL may be difficult to obtain or incapable of handling the optical power density produced by the FEL.
The choice of the macropulse length, rM, will have significant implications for the applications and for the accelerator and klystron components, and for the system size. Some material science applications may involve the use of single micropulses and are therefore concerned with events occuring on time scales shorter than the micropulse spacing. Consequently, the macropulse length is relatively unimportant. However, many applications involving laser tissue interaction depend in a detailed way on the rate of energy deposition into the tissue. Thus, the macropulse length, the energy contained in a macropulse, and the variability of macropulse length are crucial issues.
The choice of macropulse length is an equally crucial issue for the accelerator part of the FEL system. In the rf linac, the electrons are accelerated by the rf power produced by a high power pulsed klystron. The maximum macropulse length is determined by the pulse length available from the klystron powering the accelerator. Only certain combinations of power, pulse length, and rf frequency are available from currently available klystrons.
Klystrons can be grouped roughly into three categories: short pulse (typically 3 -10 ps), long pulse (10 -250 ps), and continuous (CW). Consequently, there are, in this sense, three different rf accelerator technologies associated with different maximum macropulse lengths, short pulse (rM < 10 ts), long pulse (10 ps < -rm < 250 ps), and cw (rM > 250 ps). The last option corresponds to the superconducting linear accelerator, which can operate cw, i.e. The energy required in the micropulse and macropulse will also depend on the application. For material science applications, micropulse energies of > 20 PJ are very attractive.
If significantly higher peak energies can be obtained by cavity dumping techniques, there may well be very great interst in FEL user facilities. Ophthalmological applications, which generally rely on photodisruption and other single pulse, picosecond phenomena, require similar micropulse energies. The multiphoton excitation of exogenous chromophores for singlet oxygen production will also require high peak powers. For many biomedical applications the macropulse energy is the more significant variable; micropulse energies must be kept low enough to allow fiber transmission without fiber damage.
The bandwidth of micropulses generated by the FEL is typically of the order bW/w > A,\/lep, where A, is the optical wavelength and 1e, is the length of the electron micropulse.
Typical bandwidths of one part in 103 are adequate for many biomedical applications.
Operation of the FEL at high power can result in broadening of the emission linewidth due to synchrotron instabilities; this effect is an ongoing area of research. A more crucial parameter is the shot-to-shot (micropulse-to-micropulse and macropulse-to-macropulse) center frequency jitter. Although bandwidths of 2 cm-1 are typical and adequate, the jitter of the center laser wavenumber must be < ±0.3 cm-1 for vibrational spectroscopy and other material science applications. Such stringent requirements are not required for biomedicine because condensed phase linewidths are quite broad.
A related specification is the tolerable fluctuation of the optical micropulse power.
Fluctuations of less than ±2 -5 % are desirable and may require active feedback con-trol of the klystrons or the use of isochronous beam lines in order to minimize the optical power instability resulting from electron micropulse arrival-time jitter (the so-called "Rocky Mountain Effect"). Stabilization of the optical micropulse power fluctuations will probably bring about some stabilization of the micropulse center frequency jitter. Stabilization of the center laser frequency from macropulse to macropulse will also be desirable, but may be more difficult.
The ability to synchronize the FEL micropulses with external electronics and external lasers will be an important requirement of FEL systems designed for most applications. This capacity for synchronization is most crucial for pump-probe experiments in biomedicine and photochemistry. This may be possible by driving both an active modelocker on the probe laser and the FEL klystrons with the same master oscillator. An alternative technique is attractive for accelerators employing photocathodes as the electron source. The laser producing the electron emission from the photocathode could also be used to pump a dye laser system for the production of a synchronized probe pulse.
V. DISCUSSION
For most of the spectral region of interest here, there has been and most likely will continue to be developments in conventional laser technology which may successfully challenge the FEL as a source for any given application. Notable examples include the continuouslytunable optically-pumped Raman lasers in the far-infrared [41] [42] [43] , and the diode lasers and doped-crystal lasers in the near-IR [44, 45] . The availability of other novel laser technologies may or may not alter the utility of free-electron lasers in the long run; only by.
comparison of the different systems by the users will the most desirable sources be se- The multiplication of the micropulse repetition frequency from that obtained with the usual FEL pulse format shown in Fig. 3 may be possible using a spatial time-division repetition rate multiplier (RRM) [46] . Such a repetition rate multiplier uses successive stages of pulse splicing and optical delay to produce a factor 2 N increase in the micropulse repetition rate and a factor 2 N decrease in the micropulse peak power for N stages (Fig.   4 ). Such a system may be particularly useful for applications requiring a reduction of the micropulse peak power to levels appropriate for fiber transmission. Applications that require high macropulse average power but that cannot tolerate high peak powers could also benefit from this technique. A detailed analysis of the losses and power handling capability of such an optical device remains to be carried out.
VI. CONCLUSIONS
The application of free-electron lasers to biomedicine is in a very early stage. Nevertheless, the versatility of the FEL in terms of its pulse format and frequency tunability make it a new tool of potentially great importance for the medical researcher. The purpose of this paper has been to familiarize the biomedical researcher with those salient features of free-electron lasers which may directly affect their applications.
The FEL system concepts described in this paper are based on present-day technology.
The evolution of FEL technology is itself a multifaceted process which includes competi- 
